Introduction
In common with all other cells, the oocyte and granulosa cells are bathed in extracellular fluid. It has, however, become conventional to reserve the term 'follicular fluid' for that fraction of the extracellular fluid that accumulates in the antrum of larger follicles. This pool of fluid is of considerable biological significance since its composition indicates the environment in which the oocyte and granulosa cells are growing and maturing. Furthermore, it buffers the internal environment of the follicle against the influence of external conditions presented by the blood stream.
The chemical composition of follicular fluid has been studied extensively and found to consist of substances derived from blood as well as from local secretion and metabolism. Particular attention has been paid to the proteins and hormonal steroids. Rather than attempt a comprehensive review, this paper will focus on general physical characteristics of the fluid and the physiological factors that influence its formation. These properties determine the rate at which extracellular fluid is accumulating and, hence, the size and morphogenesis of the Graafian follicle. It is important to reveal the mechanism and dynamics of follicular fluid formation if the composition of the fluid is to be fully understood.
Ontogenesis of the follicular antrum
Follicles do not possess a major pool of extracellular fluid from the beginning of their development. The primordial follicle consists of a relatively small oocyte surrounded by a single layer of squamous cells which are destined to become the granulosa cell layer (membrana granulosa). Pools of follicular fluid appear when the granulosa cells have passed through about 11-12 mitotic cycles and a solid follicle containing 200&3000 cells and with a diameter of 15C-400 ym has been built. These pools coalesce to form a single spherical cavity, the antrum, which is central and bounded by a layer of granulosa cells of uniform thickness except at the pole where cumulus cells are attached. The antrum characterizes the mature follicles ofmost mammals but it is not universally found. Ovulation is said to occur from 'solid' follicles in a number of insectivores (Mossman & Duke, 1973) . These ovulations occur precociously because the follicles scarcely exceed the dimensions at which the antrum would normally form.
Quantitative aspects of follicular fluid formation
There is evidence which suggests that the size of follicles at the time of antrum formation varies with body size (Parkes, 1932; McNatty, 1978) although the raw data show that variation within a species is of a magnitude similar to that between species. There can be no doubt however that the size of follicles shortly before ovulation varies with body size. When the volume of a preovulatory set of follicles is plotted against body weight on logarithmic axes, an isometric relationship is obtained (Gosden & Telfer, 1987) . Most of this volume is extracellular space except in a few species in which the small follicles contain a diminutive antrum (e.g. Sorex araneus). Body size is not the sole arbiter of Graafian follicle volume since relatively small follicles occur in species that release prodigious numbers of eggs, although the collective volume remains commensurate with body weight (Weir, 1971) . The size of the mature Graafian follicle is genetically determined and is of physiological significance. The volume of the antrum will influence the concentration of hormones and metabolites in the extracellular fluid and, consequently, their biological actions. Formation of the antrum requires the combined actions of FSH and oestrogen (Goldenberg et al., 1972) and it is anticipated that the volume changes will also be regulated by polypeptide and/or steroid hormones. In this regard, it may be significant that the concentrations of oestrogen and androgen in the antrum are very different in follicles that are expanding compared with those that are shrinking (atretic) (McNatty et al., 1979) .
After Robinson (1918) , it has been customary to distinguish three phases of follicular fluid formation. Primary fluid ("liquor") is produced until shortly before ovulation when the rate of accumulation rises abruptly. Secondary fluid is produced at this time, and presumably under the influence of the surge of gonadotrophic hormones. Tertiary fluid is produced in the collapsed follicle after ovulation. Robinson regarded primary fluid as having an intracellular origin whereas secondary fluid has been attributed to transudation from the thecal capillaries, a conclusion which has been upheld by many later commentators. Much less attention has been given to tertiary fluid; it will not be considered further here. In view of the long-established distinction between primary and secondary fluids it is surprising that this has not been quantified. The volume of the antrum and rate at which it is expanding can be estimated simply by making measurements of tissue sections. It is assumed that artefactual shrinkage is a minimal and constant factor and that the rate of expansion is more-or-less constant at each phase. Results which were obtained from mouse ovaries have verified the distinction between the fluids (Fig. 1) . When standardized for differences in surface area, the results indicate that the rate of extracellular fluid formation during preovulatory swelling rises about 50-fold above that of the previous phase. When the gonadotrophin surge is lacking, swelling continues (Laing et al., 1984) , but it is at a slower rate than that of follicles undergoing preovulatory activation, strengthening suspicion that hormones stimulate this process (Fig. 1) . Antral follicles take much longer to grow to full size in large species than in small ones. Calculations based on data obtained by Turnbull et al. (1977) and Driancourt et al. (1986) for the sheep indicate that a distinction can be made between the rates of primary and secondary fluid formation, these being of the same order of magnitude as in mice. By comparison with the secretion/absorption of fluids across many other membranes, the rate of follicle swelling is sluggish, adding to the practical difficulties of investigating its formation. In, for example, the anterior chamber of the eye, aqueous humour is produced at a rate of about 2 pl.min-' whereas the corresponding value for ovine follicular fluid during the preovulatory phase is 20 pl.day -'.
The membrana granulosa: an epithelial layer
Epithelial cells either line cavities or cover surfaces of the body and, as a consequence of their location, can regulate the internal environment of body compartments. These cells are therefore expected to be specialized for promoting/restricting the movements of particular ions and molecules between compartments. Since granulosa cells are an epithelial type, they may be expected to exhibit these functions. The granulosa cells of growing follicles are typically polygonal although the outer layer is columnar and rests on a delicate basement membrane (Fig. 2) . Up to about 10 cell layers develop in preantral follicles but these attenuate when the antrum expands because the follicle wall is compliant and mitotic activity has virtually ceased. The epithelial surface facing the antrum is relatively featureless: it is uniform and lacking in conspicuous channels or processes (Fig. 3) . The granulosa layer is the same thickness throughout except at the pole containing the cumulus oophorus in which cellular proliferation continues (Gosden et al., 1983) .
The morphology of the follicular epithelium suggests a structure that is highly permeable to water and dissolved substances. In contrast to so-called 'tight' epithelia (e.g. frog skin, toad bladder, trophectoderm), occlusivejunctions are not found betweencells, although otherjunctional complexes exist for maintaining structural integrity and intercellular communication (Albertini & Anderson, 1974; Fig. 4) . Granulosa cells are separated by channels measuring 20 nm which permit molecules of up to M , 500000 in size to penetrate and reach the antrum (Zachariae, 1958; Albertini & Anderson, 1974; Payer, 1975; Cran et al., 1976) . The density of cell packing decreases centripetally and is further reduced in the cumulus cells during mucification. Thus, the extracellular fluid of the follicle is a continuum and sub-compartments are not well-defined by structural barriers. Hence, many potentially toxic substances carried in blood can reach the oocyte (Baukloh et al., 1985) .
Small spherical spaces containing extracellular fluid appear in the granulosa layer of some species when the antrum is incipient. The significance of these Call-Exner bodies is not known although it has been suggested that they are sites of active secretion of follicular fluid (Brambell, 1956 ) and may be related to the enlargement of the Golgi apparatus (Hadek, 1963) . A major role is doubtful because they remain separate from pools of primary follicular fluid and exist .independently of an antrum in human granulosa cell tumours.
Chemical composition of follicular fluid
Chemical studies of secondary fluid have been encouraged by accessibility in large follicles. There is, however, a paucity of informatioaabout primary fluid in small follicles (< 1 mm) and the extent to which the composition of these fluids differs remains unclear. Particular attention is being paid here to electrolytes since the organic components of follicular fluid have been reviewed thoroughly elsewhere (Edwards, 1974; McNatty, 1978; Lenton, 1988) . Table 1 shows the concentrations of the principal electrolytes in large (mainly preovulatory) follicles of 5 species together with the values for plasma/serum. No major concentration gradient exists across the follicle wall. There is tentative evidence, particularly from smaller follicles, that the concentrations of K + are greater in follicular fluid than in blood. This interesting finding parallels the situation in the oviduct (Borland et al., 1980) and could indicate active inward transport of the cation. It requires verification because the possibilities that either K f had leaked from damaged cells or that atretic follicles had been sampled were not excluded. Furthermore, any results obtained with fluids obtainedpost mortem must be considered unreliable because of the rapid changes that take place (Edwards, 1974; Knudsen et al., 1978) . In view of variable sample quality, earlier claims that electrolyte concentrations during the ovarian cycle and at different stages of follicle development require re-examination. Measurements of Naf are probably more reliable that those of K+ because this cation is abundant in extracellular fluid but scarce in cells. The slight, but significant, elevation (Shalgi et al., 1973) and some large molecules produced by granulosa cells (e.g. proteoglycans) probably do not escape from the follicle (Ax & Ryan, 1979 (McNatty et al., 1975) . (Gosden & Byatt-Smith, 1986) 
Respiratory gases and acid-base balance

Oocytes are isolated from the capillary circulation because the follicular epithelium is avascular. As a consequence o f diffusion through layers o f respiring cells, the concentration o f oxygen around the oocyte is expected to be attenuated to an extent which will vary with the size and form o f the follicle. A steeply descending inward concentration gradient has been predicted for large preantral follicles by a simple mathematical model
Respiratory gas tensions in follicular fluid have seldom been measured and the available data are highly variable (Table 2). Much o f this variability is probably artefactual because there are several sources o f potential error. The data are, however, sufficiently consistent to conclude that the fluid is not anoxic and the Po, may even be close to that o f normal ovarian venous blood. Clarification is required. Measurements o f the Pco, and pH are within the venous range and more consistent. Since follicular fluid has a similar composition to plasma, the pH will be buffered by carbonic
acid and protein (Shalgi et al., 1972) . The pH of the extracellular fluid, which is 7.3-7.4 in the antrum, may differ locally as a result of differences in metabolism and secretion, e.g. hyaluronic acid and chondroitin sulphuric acid.
Physiology of follicular fluid formation
The morphological and chemical evidence discussed so far leads to the expectation that most molecules will move freely across a porous follicular wall according to their concentration gradient. They stengthen the early view that transudation from capillaries is responsible for secondary (and perhaps other) follicular fluid (Robinson, 1918; Burr & Davies, 1951) . The possibility remains, however, that more than one mechanism exists for the transport of fluid, as is the case in other 'leaky' epithelia. In the gall bladder active outward transport of salt is followed by the net movement of water down its osmotic gradient (Spring & Ericson, 1982) . A similar mechanism, perhaps controlled by hormones, could explain the formation of follicular fluid provided that the polarity of salt transport was reversed. An alternative suggestion has been made that hydrolysis of polymeric glycosaminoglycans in the antrum could raise the osmotic potential and cause follicles to swell, leading to ovulation (Zachariae, 1957; Zachariae & Jensen, 1958) . Either hypothesis would explain why the shrinkage of the antrum and pycnosis of mural granulosa cells occur concurrently in atretic follicles. The latter one is no longer favoured, however, because the colloid osmotic pressure is not elevated during the preovulatory phase and ovulation occurs without a raised intrafollicular pressure (see below). The question of whether salt transport is involved has not been answered. It appears that follicles possess osmotic properties because they shrink when immersed in hypertonic saline, demonstrating that the epithelium is sufficiently semipermeable.
The rate and direction of net water movement between the two compartments, namely plasma (strictly interstitial fluid/lymph) and follicular fluid, depends on the magnitude and sign of their chemical potentials. In the absence of temperature or hydrostatic pressure gradients these potentials are predicted by the depression of the freezing point of the fluids. The extracellular fluids of the sheep ovary are isotonic, with an osmotic pressure equivalent of 300 mosmol.kgl (Table 3) . Whilst this result appears to deny that water enters the follicle as an osmotic consequence of secretion of solutes into the antrum, there is evidence that gradients < 1 mosmol.kg-' can produce substantial water transport (Spring & Ericson, 1982) . In view of the slow accumulation of follicular fluid, particularly at early stages, it is not justifiable to dismiss the active transport hypothesis. If an osmotic gradient is being considered the Na ion is the prime candidate for active transport because of its abundance and the established role of the Na,K-ATPase in water transport in some epithelia. This suggestion is supported by the slight excess of Na in the antral fluid of some species and the binding of ouabain to granulosa cell membranes (R. G. Gosden, unpublished) . The fact that granulosa cell monolayers do not form domes of secreted fluid, as do other transporting Fig. 6 . The relationship between current and voltage in the pig follicle wall as obtained in a voltage clamp experiment (for method see Civan, 1983) . The current required to maintain a predetermined voltage was measured and the transmural resistance has been calculated using Ohm's Law (see Table 4 ). The open circuit voltage and short-circuit current are found at the intersections between the line and the x and y co-ordinates, respectively: these are close to zero in this structure. epithelia (Widdicombe et al., 1987) , should not be regarded as contradictory evidence because the direction of transport is the opposite of that of absorptive epithelia.
The movement of ions across a membrane can establish a transmural potential difference which can be measured electrophysiologically to provide evidence of active transport. When this voltage is electronically clamped to zero the current passing ('short-circuit current') indicates the direction and net movement of charged particles which can then be identified by inhibiting transport mechanisms (Ussing & Zerahn, 1951; Civan, 1983) . This method has become conventional for studying transport processes in epithelia and has now been applied to the isolated follicle wall of the pig. The open-circuit potential difference (i.e. undamped) was found to range from +0.5 to -0.5 mV and the short-circuit current was close to zero (Fig. 6) . These data provide no support for the active transport hypothesis, but nor do they deny it. McCaig (1980 McCaig ( , 1985 has tackled the same question by the alternative approach of measuring the potential difference of superfused mouse follicles using microelectrodes. As the microelectrode advanced, voltage changes were encountered: firstly as surface epithelial and granulosa cells were traversed successively, in which the membrane potentials were -21.9 f 0.4 mV, and finally, as the potential difference fell to + 1.2 f 0.3 mV, when the antrum was entered (Fig. 7) . This small antral potential difference became more positive near the time of ovulation or after treatment with metabolic inhibitors. Since the resistance did not change concomitantly it was inferred that active transport was responsible for the difference. Since there are transmural differences in the concentrations of relatively impermeable charged molecules (proteins and glycosaminoglycans) conditions favour the existence of a Gibbs-Donnan equilibrium. The small (if significant) transmural potential differences could therefore have developed merely from diffusion of the major ions. The equilibrium potentials for these ions can be calculated from their concentrations on either side of the follicle wall using the Nernst equation, assuming that the activity coefficients are the same in the two fluids (Borland et a[., 1977) . The potentials corresponding to our data from the pig are: Na, -0.69 f 0.05 mV, K, +0.32 + 1.64 mV, C1, -0.40 f 0.47 mV. These are consistent with the measured electrical potentials. They do not, however, rule out actite transport because leaky membranes are less able to hold a charge. Definitive testing of active transport will require direct measurement of Naf and C1-fluxes.
The specific electrical resistance of the follicle wall can be calculated from the relationship between the transmural potential difference and the current being passed (Fig. 6 ). This relationship is linear which indicates that the follicle wall behaves as a simple ohmic conductor without significant rectification. It is concluded that the current is probably conducted by a paracellular rather than a (1972) transcellular route, which is consistent with the evidence that hydrated channels exist between the cells. The follicle wall resistance is sufficiently low that the epithelium can be classified with those that are electrically 'leaky' (Table 4 ). This resistance is in fact the sum of the resistance of the ovarian surface epithelium and the follicle itself, of which the latter may be the minor component. Up to this point it has been assumed for the sake of argument that the total number of particles present (i.e. osmotic potential) determines the rate and direction of net water transport. Chemical potential is, however, influenced by differences in temperature and hydrostatic pressure (Patton, 1965) . Whilst it might not be expected apriori that the temperature inside follicles would be different from that of the body core, the surprising claim has been made that rabbit follicles have a temperature 2-3°C lower than the ovarian stroma (Grinsted et al., 1980) . If substantiated, this finding adds another, albeit minor, factor to the list of those responsible for the formation of follicular fluid.
Finally, it is necessary to discuss critically the evidence for transudation. The follicle wall is very permeable to water (Peckham & Kiekhofer, 1959) and although the hydraulic conductivity of granulosa cells has never been measured, it is assumed that most water enters is paracellularly. Transudation requires a hydrostatic pressure gradient from capillary to antrum although the pressures have been found to be similar ( -17 mmHg) (Blandau & Rumery, 1963; Espey & Lipner, 1963; Rondell, 1964) . Accurate measurement under physiological conditions is difficult and small, undetectable gradients could still account for the slow accumulation of follicular water. According to this hypothesis, a change in interstitial pressure, perhaps under the influence of hormones, would lead to swelling of the follicle which would bulge into the lower pressure region of the ovarian bursa or peritoneal cavity, as occurs when the ovarian vein is experimentally clamped to raise intravascular pressure. There is evidence of stromal oedema and increasing leakiness of the thecal capillaries during the periovulatory period (Morris & Sass, 1966; Byskov, 1969; Bjersing & Cajander, 1974) , but the existence of pressure gradients remains to be demonstrated.
Transudation provides the most satisfactory explanation for the formation of secondary follicular fluid which is occurring relatively rapidly. It might be argued, however, that it is an unwieldy force for the morphogenesis of the antral follicle and for the controlled production of primary fluid. That other mechanisms are involved at early stages of development may be inferred from studies of mouse ovaries in organ culture in which follicles were found to undergo formation and limited expansion of the antrum in the presence of FSH (Ryle, 1969) . Since a vascular supply was absent it seems likely that antrum formation requires active secretion. It is not clear whether any secondary fluid can be produced under similar conditions although this appears to be doubtful because rat ovaries ovulating in vitro did not undergo a normal increase in weight (Osman & LieuwmaNoordanus, 1980) . Throughout much of this review, there has been an assumption that follicular fluid is homogeneous whereas, in reality, microenvironments undoubtedly exist. Not only would these be anticipated in the vicinity of the oocyte and its investment of cumulus cells but also within the mural granulosa cell layers as a result of local metabolism/secretion and fluxes across the follicle wall. And even within the antrum unstirred layers may be encouraged by mucification. A major focus of future research should therefore be the charting of these differences.
Conclusions
The composition of follicular fluid in Graafian follicles is similar but not identical to ovarian venous plasma. Differences between the two fluids are attributed to a blood-follicle barrier, which restricts the passage of large molecules, and to the existence of a hypothetical active transport mechanism and/or a Donnan equilibrium, reflected by the distribution of small permeant ions. The follicle epithelium has been characterized as 'leaky' on the basis of both chemical and electrical criteria.
The rate of follicular fluid accumulation is much greater during preovulatory activation of the follicle (secondary fluid) than at preceding stages (primary fluid), suggesting that gonadotrophic hormones have a major influence on the rate of swelling. The evidence for water transport following an osmotic gradient set up by active transport of Na' has been inconclusive. The conventional view that fluid forms from transudation of plasma rests on circumstantial evidence and is less likely to account for primary than for secondary fluid. The discussion has focussed on the fluid in the antrum principally because so little is known about the fluids which lie in the narrow extracellular spaces and bathe the granulosa cells and oocyte. A major challenge for future research will be elucidation of the compositions of these microenvironments which, in contrast to the bulky antral fluid which will buffer change, should be sensitive indicators of fluctuating biosynthetic activity and of optimal conditions for cell culture.
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